Previous gene transfer studies of the herpes simplex virus type 1 (HSV-1) using the latencyassociated transcript (LAT) promoter have reported a decrease in transgene expression in the brain over time, but the extent of this decrease has not been measured and it is unknown if expression eventually stabilizes. We examined LAT promoter-mediated transgene expression in the mouse brain for 1 year following intracranial injection with a HSV-1 vector expressing human Bglucuronidase (GUSB). The vector genome copy number remained stable from 2 to 52 weeks. Quantitative reverse transcriptase PCR detected a peak of LAT intron expression at 2 weeks (corresponding to the end of the acute phase of viral infection), followed by stable expression during latency (13-52 weeks). The number of GUSB-positive cells also had a peak in the acute phase and then was stable during latency (13-52 weeks). GUSB enzymatic activity was maintained at 11% of normal at 6 and 12 months, indicating that the LAT promoter is capable of driving stable transgene expression in the brain.
INTRODUCTION
The ability of wild-type herpes simplex virus type 1 (HSV-1) to infect postmitotic neurons and remain transcriptionally active during latency in the nervous system is well established [1, 2] . These properties have stimulated interest in developing HSV-1 as a vector for gene therapy of diseases of the nervous system [3] . Although progress has been made in HSV-1 vector development, there are still challenges to be overcome, such as the inability to provide stable transgene expression in the brain [4] [5] [6] [7] [8] [9] [10] .
For an effective gene therapy treatment of a genetic disorder, long-term expression of the transgene is essential. Some viral vectors (e.g., adeno-associated virus and lentivirus) have been shown to provide stable, long-term transgene expression [11, 12] . However, vector integration of retrovirus has been linked to insertional mutagenesis and cancer in humans [13] . HSV-1 does not integrate into the host chromosome [14] , but the viral genome is stably maintained in neuronal cells [10, 15] .
HSV-1 latent infection is accompanied by transcription from the latency-associated transcript (LAT) gene [1, [16] [17] [18] . LAT is the only actively transcribed gene during latency [16, 17] . Introduction of exogenous promoters into HSV-1 vectors results in very little expression during latency [6, 7] . Attempts to use HSV-1 promoters other than LAT also have been ineffective for latent expression [4, 5] . Thus, most current HSV-1 gene transfer studies use the LAT promoter to drive transgene expression.
Use of the LAT promoter in the brain has resulted in relatively high levels of transgene expression at early time points [19, 20] . LAT promoter expression in the brain has been reported to decrease slowly over time when longer time points were examined-up to 6 [10] or 12 months [9] . As the vector DNA levels were stable at longer time points, it was concluded that the LAT promoter failed to drive stable expression [10] . However, the evidence was largely based upon semiquantitative methods-the number of positive cells following a histological stain decreased over time. Counting of cells positive for a histological stain does not provide a quantitative measure of gene expression for three reasons: subjectivity must be used when scoring, cells may express below the limit of detection, and histologic or immunologic staining reveals only the presence/absence of positive cells. Thus, while there is evidence that LAT promoter activity decreases over the first few months of infection, there are few quantitative data on the extent of the decrease and it is unknown if LAT promoter activity is eventually lost entirely. HSV-1 gene transfer studies of the sensory ganglia have reported relatively high levels of long-term transgene expression from the LAT promoter [21, 22] . However, LAT expression differs in the brain and the sensory ganglia, which may explain the difference in gene transfer results in these two sites [15, 18, 23] .
As most studies of HSV-1 latency have been in the sensory ganglia, relatively little is known about the transcriptional activity of the LAT promoter in the brain. LAT expression has been documented in the brain of the mouse [18, 24, 25] , rat [5, 10, 15] , and dog [26] . However, to date there has been no report of long-term measurement of LAT production in the brain for either wild-type virus or attenuated vector strains. LATs have been detected in the rat brain for up to 10 months [5] , but the technique was not quantitative. Quantitative LAT measurements have been done after 8 weeks [15] . A histological analysis of LATs in the brain was performed after 11 weeks using in situ hybridization (ISH) [10] .
Mucopolysaccharidosis type VII (MPS VII) is a genetic disorder caused by a deficiency in the enzyme h-glucuronidase (GUSB). Lysosomal storage associated with MPS VII affects the brain and results in mental retardation [27] , thus we are testing HSV-1 vectors for gene transfer of GUSB in the brain [19, 26, 28, 29] . Since the MPS VII mouse has a shortened life span (averages 5-6 months) [30] , for this study we have used a previously described heatinactivation model to study GUSB production in the unaffected C3H mouse [31, 32] .
We have examined a HSV-1 vector (1716-LAT-hGUSB) for its ability to drive long-term expression from the LAT promoter in the mouse brain following intracranial injection using quantitative assays for RNA transcription and reporter enzymatic activity. The data show that there is a transient peak of genome, RNA transcription, and GUSB-positive cells during the acute phase of viral infection. GUSB enzymatic activity is stable from 6 to 12 months. After latency is established, LAT intron expression is stable and GUSB levels were well into the therapeutic range [11, 33, 34] . The data indicate that the LAT promoter is able to mediate stable, long-term expression of transgenes.
RESULTS

Characterization of Recombinant Virus 1716-LAT-hGUSB
We made the 1716-LAT-hGUSB vector by homologous recombination of a human GUSB cDNA into the LAT gene of HSV-1 strain 1716 [35] . 1716-LAT-hGUSB is identical to a previously published vector with the exception that the human GUSB cDNA was inserted in place of the rat GUSB cDNA [19] . The human GUSB is resistant to heat denaturation, allowing it to be detected against the mouse endogenous activity [31, 32, 36] . The insertion site is shown in Fig. 1A . We confirmed the correct genomic structure by the difference in two predicted BamHI genomic fragments between 1716 and 1716-LAT-hGUSB (the LAT gene occurs in two copies): fragments of 10.1 and 8.9 kb in strain 1716 were absent in 1716-LAT-hGUSB and replaced with fragments of 6.7 and 5.5 kb (see Fig. 1B ) due to BamHI sites in the human GUSB cDNA. Southern blotting confirmed that the 6.7-and 5.5-kb fragments contained the human GUSB cDNA sequence (Fig. 1C) .
We used a murine fibroblast GUSB-deficient cell line (3521) [37] to measure GUSB production by 1716-LAThGUSB in vitro. We infected 3521 cells with 1716-LAThGUSB or 1716, or mock infected them, at an m.o.i. of 3 (n = 6 separate infections). After 20 h, we harvested the cells and performed a GUSB fluorescence enzymatic activity assay (data not shown). GUSB levels after infection with 1716-LAT-hGUSB were significantly higher ( P b 0.05) than infection with 1716 or mock infection.
In Situ Hybridization Indicates a Drop in LAT Expression over Months
We injected mice unilaterally in the right caudate putamen with 1716-LAT-hGUSB or 1716 and analyzed them during acute and latent phases of viral infection. We performed ISH with a LAT-specific riboprobe on tissues from various time points (2, 8, 26 , 52 weeks; n = 4) to detect cells that expressed LATs during latency. We detected LAT expression at 2 and 8 weeks but not at 26 or 52 weeks (Fig. 2) . We detected no LAT expression in uninjected tissues (Fig. 2I) . Most LAT-positive cells were found in the midbrain, cerebral cortex, and brain stem. Very few LAT-positive cells were detected at the injection site (data not shown) as has been reported previously with injection of HSV-1 vectors into the caudate putamen [8, 10] . Both the duration of expression and the distribution of LAT-positive cells were very similar comparing 1716-LAT-hGUSB to 1716.
Vector Genome Levels Remain Stable over Time
We used a real-time PCR assay to measure the vector genome levels in the midbrain (Fig. 3A) , as this was consistently the site of highest transduction at all time points of the study. Infection with 1716-LAT-hGUSB (n z 5 per time point) resulted in 68.1 F 14.4, 3.4 F 1.8, 2.1 F 0.9, 3.6 F 1.7, and 2.9 F 1.4 genome copies per cell (at 0.5, 2, 13, 26, and 52 weeks, respectively). Infection with 1716 (n z 5 per time point) resulted in 111.9 F 56.2, 4.1 F 1.9, 1.9 F 0.6, 3.7 F 2.5, and 4.0 F 0.8 genome copies per cell (at 0.5, 2, 13, 26, and 52 weeks, respectively). We detected nonspecific amplification in uninfected animals (n = 7), but this amplification was minimal (0.097 F 0.02 genome copies per cell).
Quantitative RT-PCR Shows Stable, Latent Phase Expression of LAT Intron in the Brain
To quantify expression of LAT, we isolated total RNA from the midbrain. We used quantitative reverse transcriptase PCR (Q-RT-PCR) to measure LAT expression ( Vector genome copy number per cell was determined using real-time PCR. A standard curve with known dilutions of vector genome was used to determine the levels in unknown samples, and samples were normalized by total DNA input (100 ng). Primers specific for the viral thymidine kinase gene were used, and nonspecific amplification in uninfected tissues was minimal (0.097 F 0.02) (FSE shown). (B) Total RNA was extracted and treated with DNase. cDNAs were prepared and real-time PCR was used to detect LAT intron sequence. Samples were normalized by measurement of murine GAPDH. No amplification was detected in uninfected samples or those for which reverse transcriptase was left out of the cDNA synthesis reaction (FSE shown). mice that express endogenous murine GUSB activity [31] . The C3H strain produces low levels of GUSB activity, lives a normal life span, and has unaffected lysosomal storage [38] . In previous studies, it was shown by a histochemical stain that postmortem heat inactivation of sectioned C3H HeOuJ brain tissues resulted in undetectable GUSB activity [32, 36] . We have confirmed this result with the C3H HeJ mouse, for which staining is detectable in the normal brain expressing GUSB but is undetectable after heat inactivation (Figs. 4I and 4J ).
We performed a histochemical stain to detect GUSBpositive cells in infected animals. Following injection with 1716-LAT-hGUSB, GUSB-positive cells could be found at every time point examined, up to 52 weeks (Figs. 4A-4D ). Wild-type C3H GUSB activity is shown in Fig. 4I for comparison purposes. Tissues injected with 1716 did not exhibit GUSB-positive cells at any time point (Figs. 4E-4H ). The most positive cells were found in the thalamus, hypothalamus, and brain stem; positive cells were detected in all of these regions through 52 weeks (data not shown). We noted that individual positive cells had a smaller area of staining at later time points (see Figs. 4C and 4D) . A comparable distribution of GUSB staining has been noted previously with a similar HSV-1 vector injected into the same site [19] and was attributed to axonal transport of vector since these regions are connected via axonal pathways to the injection site.
We counted GUSB-positive cells in the midbrain (Table 1) . Significantly higher ( P b 0.001) numbers of cells were found at 2 weeks (142 F 9.5) compared to all later time points (42.5 F 10, 41.3 F 7.3, and 43.7 F 10 at 13, 26, and 52 weeks, respectively). This may represent the difference in LAT gene activity from acute to latent infection. The number of GUSB-positive cells counted at 13, 26, and 52 weeks was not statistically different ( P N 0.6).
GUSB Enzymatic Activity Level is Stable in Long-Term Transduced Brains
We dissected out midbrains for an assay of GUSB enzymatic activity. We measured GUSB activity in the untreated C3H mouse brain without heat inactivation to determine normal brain expression levels (13.8 nmol/h/ mg; n = 7). With heat inactivation, levels of GUSB activity after infection with 1716 were not significantly different from those found in untreated animals (data not shown). GUSB activity in tissues after infection with 1716-LAThGUSB (n = 10) was significantly higher than background (1716-injected animals) at all time points ( P b 0.05). Percentage of normal GUSB activity is shown in Fig. 4K . At 2 weeks, 100.9% of normal GUSB activity was present, and 52.3, 11.4, and 11.6% of normal GUSB activity was present at 13, 26, and 52 weeks, respectively.
DISCUSSION
In this study, we have demonstrated that the HSV-1 LAT promoter is capable of mediating long-term transgene expression in the mouse brain at the level of both RNA transcripts and enzymatic activity. The LAT intron, the hallmark of HSV-1 latency, was detectable by Q-RT-PCR at stable levels. The level of reporter enzyme expression found during latency stabilized at N10% of wild-type levels.
The Vector Genome Is Stably Maintained A reduction in LAT expression occurred from 2 to 13 weeks, and a reduction in GUSB activity was seen from 2 to 26 weeks. However, we found that the vector genome was stably maintained at these time points (Fig. 3A) , consistent with previous reports [10, 15] . There was no significant difference between genome levels of 1716 or 1716-LAT-hGUSB at any time point. Thus, elimination of transduced cells (e.g., by apoptosis or a host immune response toward latent vector or foreign human GUSB) did not explain the reduction in expression of either LAT or GUSB.
LAT Expression Is Stable from 13 to 52 Weeks in the Mouse Brain
The transcriptional activity from the LAT promoter was determined by both Q-RT-PCR and ISH to detect LATs. LAT intron levels peaked at 2 weeks by Q-RT-PCR (Fig.  3B) , which likely represents residual acute phase expression, as strain 1716 is known to replicate in certain cells of the brain, notably ependymal cells [39] . By ISH a LAT signal was detected at 2 and 8 weeks but was undetectable Brains were sectioned, heat-treated, and stained for GUSB activity (n = 4). GUSB-positive cells in the thalamus and hypothalamus were counted. N/A, not applicable. a Brain sections from 2, 13, 26, and 52 weeks postinjection were counted. b Uninjected mice were age-matched to the same time points as injected mice. at 26 or 52 weeks (see Fig. 2 ). Detection of LATs at 8 weeks but not at 26 weeks indicates a reduction in LAT expression during the early weeks of the latent phase. However, LAT intron levels could be detected by Q-RT-PCR and were stable from 13 to 52 weeks. These data suggest that the Q-RT-PCR assay is more sensitive than the ISH assay employed. Taken together, the results of Q-RT-PCR and ISH indicate that LAT expression experiences a peak early in latency before later stabilizing (sometime between 8 and 13 weeks) in the mouse brain.
Long-Term Expression at the Level of Reporter Enzyme
Earlier reports examining long-term expression with HSV-1 vectors relied heavily upon histological techniques. Although many positive cells were present at early times postinfection, few were detectable at later time points [9, 10] . Similarly, we show that many GUSBpositive cells were detectable at 2 weeks and that numbers dropped by 13 weeks (see Table 1 ). This is likely because 2 weeks is not a truly latent time point [40] and some residual lytic-phase gene expression is present. However, from 13 to 52 weeks, positive cells were detected at stable levels (at about 30% of the numbers seen at 2 weeks). Our detection of stable numbers of positive cells at late time points may reflect (1) prolonged expression from 1716-LAT-hGUSB compared to other HSV vectors or (2) a difference in sensitivity in the histochemical detection of h-glucuronidase over other reporters (typically h-galactosidase). Specific brain sites were dissected out to measure GUSB enzymatic activity of an entire brain region, as opposed to activity in individual cells. Stable GUSB activity was found at 26 and 52 weeks, with 11.4 and 11.6%, respectively (Fig. 4K) . Our findings are similar to those reported by Puskovic et al., who demonstrated that LAT promoter-driven expression of GDNF was relatively stable through 6 months [41] . Thus, the LAT promoter can exhibit stable, long-term expression at the level of reporter enzyme.
The amount of total GUSB enzymatic activity decreased between 13 and 26 weeks, while the number of GUSB-positive cells was stable during the same period. This suggests that there was a decrease in expression in many transduced cells, as opposed to stable expression by a subpopulation. It was noted that individual positive cells had smaller foci of staining at later time points (see Figs. 4A-4D ), providing further support for a global decrease. In terms of an effective gene therapy treatment of a global brain genetic disorder (e.g., MPS VII) a larger distribution of lower levels of transgene activity is advantageous over foci of high levels of activity.
Changes in GUSB Expression Are Delayed Relative to LAT Expression
The time frame of the decrease in gene expression was similar, but not identical, by the assays for reporter enzyme and transcript expression. In sectioned tissues, GUSB-positive cells were detectable at both 26 and 52 weeks, but LATs were undetectable by ISH at these time points, even on serial sections. Since we could detect LATs by Q-RT-PCR, we attributed this finding to differences in sensitivity of the two assays. Although LAT expression had stabilized by 13 weeks, GUSB expression was not stabilized until the next time point (26 weeks) . This lag in the stabilization of GUSB expression compared to LAT expression could be attributed to the stability of GUSB. GUSB secreted from gene-corrected cells retains 80% of activity in serum-containing tissue culture media for 2 weeks [42] , and infusions of purified GUSB enzyme have been shown to have a half-life of 4.5 days in the brain [43] .
Modifications of the LAT Gene Are Not Responsible for a Decrease in LAT Expression
As mentioned above, an apparent decrease in LAT brain expression was found early in the latent period. This pattern of LAT expression differs from that seen in the sensory ganglia, where LAT expression persists in human tissues (likely many years after infection) [44] . LAT exon 1 contains sequences previously shown to promote longterm activity on the LAT promoter [21, 45] . 1716-LAThGUSB contains a gene insertion in LAT exon 1 (see map in Fig. 1A ), which could potentially disrupt long-term expression and explain the decrease in LATs seen early in latency. However, similar levels of LAT intron were detected by Q-RT-PCR in animals infected with either 1716-LAT-hGUSB or 1716 (intact exon 1) (Fig. 3B) ; thus the insertion did not disrupt promoter function. Also, this was supported by the fact that the ISH data were very similar for 1716 and 1716-LAT-hGUSB (Fig. 2) . Although higher levels of LAT intron were seen at 2 weeks with 1716 compared to 1716-LAT-hGUSB, the difference was not significant ( P = 0.169). This finding could be attributed to readthrough transcription from the promoter of an upstream lytic-phase gene, as 2 weeks is not considered a latent time point [40] . Readthrough may be more likely to occur with 1716 than with 1716-LAThGUSB due to the large (2.4 kb) cDNA insertion into the first exon, which places the intron sequence farther from an upstream promoter. When the LAT promoter is deleted, LATs can be detected at early times postinfection, but not at latent time points [40] , supporting the hypothesis that readthrough transcripts containing LAT sequences are made during the acute phase.
The ICP34.5 deletion in both viruses in this study overlaps with the LAT region and could potentially interfere with LAT expression or stability (see map in Fig. 1A) . However, the LAT expression levels that we detected in the brain (range of 10.8 to 31.2 LAT copies per genome copy during latency) were similar to those reported by others (14.5 LAT copies per genome copy during latency) for a HSV-1 strain (SC16) that has an intact LAT region [15] . Further, our LAT ISH results are similar to previous results showing that injection of SC16 resulted in an 87% decrease in the number of LATexpressing neurons in the rat brain between 2 and 11 weeks [10] . Thus, we conclude that the ICP34.5 deletion did not affect LAT gene activity in the brain.
One model has been proposed to explain the decrease of LAT expression in the brain by a slow down-regulation of LAT promoter activity over time [10] . The measurements of GUSB activity, the GUSB histochemical stain, and the LAT ISH in the present study seem to support that model, with the greatest reduction taking place between 8 and 13 weeks. The stable number of GUSBproducing cells during latency argues that a LAT promoter down-regulation early in latency likely occurs in a global fashion, as opposed to only a subpopulation of latent cells. While our Q-RT-PCR results do not show a slow decrease, the time points of that experiment may not be sufficient to note a gradual decrease if it happens between 2 and 13 weeks. Importantly, our Q-RT-PCR results indicate that LAT expression reaches stable levels by 13 weeks, after which there is no significant change. This finding is strengthened by our finding that measurements of GUSB activity also stabilized by the next time point tested (26 weeks) .
In this study, we have used quantitative methods to measure LAT promoter activity in the mouse brain during latency. We have demonstrated that the LAT promoter is stably active for at least 12 months as measured by quantitation of both LAT intron and reporter enzymatic activity. Further, the stable level of expression produces potentially sufficient GUSB activity to correct a genetic disorder that affects the brain.
MATERIALS AND METHODS
Cells and viruses. Vero cells were grown in DulbeccoTs modified Eagle medium (Gibco BRL, Gaithersburg, MD, USA) containing 5% fetal calf serum, 100 Ag/ml penicillin, and 100 Ag/ml streptomycin. Strain 1716 has been described previously [35] . The 1716-LAT-hGUSB vector is identical to a vector previously described (GUSB JS vector) [19] , except that the human GUSB cDNA was inserted. Vector was both grown and titered (by plaque assay) on Vero cells as previously described [1] .
Construction of plasmids. Plasmids used to position the human GUSB cDNA into the first StyI site of LAT exon 1 were previously described (pJZ-G8 and pXho-Sal) [19] . pJZ-G8 contains the 5V portion of the LAT gene from HSV-1 strain F, and a 2.4-kb EcoRI human GUSB fragment was obtained from p13-18 [37] . Insertion of the 2.4-kb EcoRI human GUSB into the unique StyI site of pJZ-G8 (in the same orientation as the LAT gene) resulted in pBB1, and a 3.0-kb partial NotI/RsrII digest fragment of pBB1 was cloned into the NotI/RsrII sites of pXho-Sal [19] to create pBB2. pBB2 was linearized by digestion with ScaI and SwaI and purified by gel electrophoresis to remove plasmid sequence.
Construction of recombinant virus. Homologous recombination was performed between purified viral DNA from strain 1716 (1 Ag) and linearized pBB2 (300 ng) by cotransfection into subconfluent Vero cells using Lipofectamine (Gibco BRL). Plaque purification was performed as previously described [46] using a 680-bp fluorescein-labeled human GUSB-specific probe and an anti-fluorescein HRP-conjugated antibody (Perkin-Elmer, Boston, MA, USA). Recombinants were isolated and plaque purified until all plaques were positive, plus one more round to generate 1716-LAT-hGUSB. Virus for brain injection was prepared at an m.o.i. of 0.1 on subconfluent Vero cells and titered to 3.4 Â 10 8 pfu/ml.
Mouse infection and tissue preparation. This study was approved by the Institutional Animal Care and Use Committee of the Wistar Institute and the principles of the care and use of laboratory animals of the NIH were followed. Four-to six-week-old female C3H HeJ mice (The Jackson Laboratory, Bar Harbor, ME, USA) were anesthetized with a mixture of ketamine/xylazine and inoculated intracranially with 3.4 Â 10 5 pfu (in 1
Al) into the right hemisphere of the caudate putamen by a single site injection using a small animal stereotactic apparatus (Kopf Instruments, Tujunga, CA, USA) as described previously [47] . Injection coordinates were derived from a mouse brain atlas [48] : 2.00 mm right of midline, 0.00 mm rostral/caudal from bregma, 3.00 mm depth from the pial surface. Animals were transcardially perfused with 10 ml cold PBS (DEPC) followed by 10 ml cold 4% paraformaldehyde in PBS (DEPC), then brains were removed by dissection. Brains for sectioning were submersed in OCT compound (Tissue-Tek, Torrance, CA, USA) and immediately frozen on a bed of dry ice. Blocks were stored at À708C and then sectioned to a thickness of 20 Am. Brains for quantitation of GUSB, DNA, or RNA were immediately frozen at À708C. Tissues were later thawed and specific sites were dissected out.
Quantitation of vector DNA levels. Genomic DNA was extracted as reported previously [49] from the midbrain. Vector DNA levels were measured using a previously described primer set specific to the thymidine kinase gene [49] . Samples were standardized to 100 ng/Al total DNA and then amplified and measured using real-time PCR (Applied Biosystems). Genome copy levels were determined using a standard curve of known dilutions of viral DNA.
In situ hybridization. An adaptation of a protocol previously described [36] was used to perform in situ hybridization. DIG-labeled antisense and sense riboprobes were generated toward a LAT PstI/MluI fragment (see Fig.  1A ) encompassing LAT exon 1, the 2-kb intron, and the 5V end of exon 2 (nucleotides 118,665-121,653). Hybridization was detected with only the antisense probe during latent time points.
Quantitative RT-PCR of LAT intron. Total RNA was extracted from the midbrain (approx 50 mg) using Trizol reagent (Gibco BRL) as recommended by the manufacturer and then treated with amplification-grade DNase I (Invitrogen). Reverse transcriptase PCR was used to convert 500 ng total RNA into cDNA. Q-PCR was performed on cDNAs with primers specific to the 2-kb LAT intron, GACAGCAAAAATCCCCTGAGTT, corresponding to HSV-1 nucleotides 120,704-120,725, and AAGACACGGG-CACCACACA, corresponding to HSV-1 nucleotides 120,761-120,779. The probe was (6FAM)TTAGGGCCAACACAAAAGACCCGCTG(TMAR), corresponding to HSV-1 nucleotides 120,734-120,759. A standard curve was used to determine LAT intron cDNA copy number and was made from viral DNA diluted in mouse DNA in the range of 1000 to 0.001 LAT copies. Q-PCR toward murine GAPDH was used to standardize cDNA input levels.
In situ GUSB staining. Sites of GUSB activity were localized in frozen tissue sections with naphthol-AS-B1-h-d-glucuronide (Sigma) using an established assay [50] . Murine GUSB activity was first inactivated by incubation of tissues at 658C for 90 min. At least four brains per vector per time point were sectioned coronally and at least 30 sections (a cross section) per animal were stained.
Quantitation of GUSB activity. A previously described assay was performed to measure GUSB enzymatic activity [50] using 4-methylumbelliferyl h-d-glucuronide (Sigma). Tissues were first heat inactivated at 658C for 90 min. Wavelengths of 360 and 460 nm (excitation and emission, respectively) were read using a CytoFluor fluorometer (Applied Biosystems) to measure nanomoles of substrate cleaved per hour per milligram of total protein added. A standard curve was prepared for each experiment using known concentrations of 4-methylumbelliferylone (Sigma) in the range of 1-100 nmol. Corrected GUSB activity was calculated by subtracting background levels (activity detected with 1716). Percentage of normal GUSB activity was calculated by dividing corrected values by normal C3H HeJ brain levels (13.8 nmol/h/mg).
